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The authors have been developed a high-precision and high-performance numerical simulation algorithm for 

gas-liquid two-phase flows to simulate the gas entrainment (GE) phenomena in a large-sized sodium-cooled fast 
reactor in Japan (JSFR). In the simulation algorithm, the piecewise linear interface reconstruction (PLIC) algorithm is 
employed for the interface-tracking and physics-basis simulation methods are introduced to enhance the numerical 
reproducibility of interfacial flows. As a result of validation tests, it was confirmed that the developed simulation al-
gorithm could reproduce interfacial flows, including the GE phenomena in simple experiments. In this paper, the 
developed simulation algorithm is applied to the GE phenomena in a large-scale water experiment which models the 
complicated geometrical configurations of the structural components in JSFR. For the numerical simulation, an un-
structured mesh with about one million cells are generated and optimized to simulate the interfacial deformations 
near the structural components which cause vortical flows behind them to induce the GE phenomena. As a result of 
the unsteady simulation, a typical interfacial dynamic behavior, i.e. the development of a gas core (interfacial dent), is 
well simulated. Therefore, it is confirmed that the developed simulation algorithm is suitable to evaluate numerically 
the GE phenomena in JSFR. 
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I. Introduction1 

In the design study of a large-sized sodium-cooled fast 
reactor in Japan (JSFR), the suppression of the gas entrain-
ment (GE) phenomena at the interface between argon cover 
gas and sodium coolant in the reactor vessel is very impor-
tant to establish an economically competitive design with 
advanced light water reactors.1,2) However, the GE pheno-
mena in JSFR are highly complicated interfacial phenomena 
which are too difficult to be evaluated theoretically. There-
fore, we are developing a high-precision and 
high-performance numerical simulation algorithm for 
gas-liquid two-phase flows to evaluate the GE phenomena 
accurately.3) In the simulation algorithm, one of 
high-precision volume-of-fluid algorithms, i.e. the piecewise 
linear interface reconstruction (PLIC) algorithm4) is em-
ployed for the accurate numerical simulations of interfacial 
dynamic behaviors. In addition, two innovative methods 
have been introduced to enhance the numerical reproducibil-
ity of interfacial flows. One is a rigorously 
volume-conservative method for the volume fraction trans-
port, which works to achieve physically appropriate volume 
distributions in the volume-of-fluid algorithm.5) The other is 
physics-basis simulation methods of two-phase flows near 
gas-liquid interfaces, in which the physically appropriate 
mechanical balances at the interfaces are considered.6) It has 
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been confirmed that the PLIC algorithm with the two inno-
vative methods give accurate solutions on the interfacial 
static and dynamic phenomena in rather simple numerical 
simulations, e.g. a rising bubble in liquid. However, to si-
mulate the GE phenomena in JSFR accurately, only the 
employments of these methods are not sufficient and it is 
necessary to model accurately the complicated geometrical 
configurations of the system components in JSFR. In our 
simulation algorithm, this is done by an unstructured mesh 
scheme in which tetrahedral, prism and hexahedral cells with 
arbitrary shapes can be utilized. The authors have checked 
that the simulation algorithm can reproduce simple interfa-
cial phenomena accurately even on unstructured meshes as 
well as structured meshes. Recently, the simulation algo-
rithm with the unstructured mesh scheme has been applied to 
the numerical simulation of a simple GE experiment7) and 
succeeded in reproducing the occurrence mechanism and the 
onset condition of the GE phenomena in the experiment. 

In this paper, the authors apply the developed and vali-
dated simulation algorithm to the numerical simulation of 
the GE phenomena in the 1/1.8-scale partial model of 
JSFR.1) The GE occurrences in the simulation results are 
discussed to confirm the applicability of the simulation algo-
rithm to the GE phenomena in JSFR. 
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II. General Description of Numerical Simulation 
Algorithm 

1. Interface-Tracking Algorithm 
In the volume-of-fluid algorithm, the volume fraction 

transport equation which is written as 

0,
f

v f
t


  


  (1) 

is solved to track gas-liquid interfaces. Here, v

 is the ve-

locity vector and f is the volume fraction which shows the 
volume ratio of liquid phase in a computational cell. The 
PLIC algorithm works to produce highly accurate solutions 
of the transport equation. Namely, the transports of the vo-
lume fraction in the PLIC algorithm are performed in 
consideration with the locations of gas-liquid interfaces 
which are reconstructed geometrically from the volume frac-
tion distribution. The PLIC algorithm is efficient to simulate 
interfacial dynamic behaviors accurately. However, the 
PLIC algorithm is developed originally on structured meshes 
and is studied hardly on unstructured meshes.5) Therefore, 
the authors developed the PLIC algorithm on unstructured 
meshes. In the development, the interface reconstruction 
procedures in the PLIC algorithm on unstructured meshes 
were discussed carefully and determined. In addition, the 
transport method for the volume fraction was also discussed, 
and a volume-conservative method which established perfect 
volume conservation for gas and liquid phases was pro-
posed. 

 
2. Physical Modeling at Gas-Liquid Interface 

It is well known that unphysical solutions, e.g. spurious 
currents near a gas-liquid interface, can be obtained in the 
numerical simulations of interfacial phenomena when the 
mechanical balance at the interface is not considered appro-
priately. Therefore, in our simulation algorithm, two 
physics-basis methods are employed to avoid such unphysi-
cal solutions.6) One is an improved velocity calculation 
method in which velocity and momentum are defined inde-
pendently to calculate physically appropriate velocity at an 
interfacial cell. In this calculation method, the velocities in 
gas and liquid phases ( gv


 and lv


) can be defined by means 

of the velocity ( v

) and momentum ( m


) at an interfacial 

cell as 

     1 ,g l l gv v m f     
    (2) 

    .l g l gv m v f    
    (3) 

The other is the improved calculation method for the 
pressure gradient at an interfacial cell. In this calculation 
method, the physically appropriate mechanical balance be-
tween pressure gradient and surface tension at the interfacial 
cell is considered to calculate the pressure gradient consis-
tent with the surface tension. Namely, the pressure gradient 
( p ) in an interfacial cell is calculated locally by means of 
the cell face pressure (pf) on the cell as 

,f f
f

p A p V  


 (4) 

where V is the volume of the cell and fA


 is the cell face 
vector which indicate the area and normal direction of a cell 
face. 
 
3. Computational Schemes 

In the numerical simulation algorithm, the Navier-stokes 
equation is solved with the volume fraction transport equa-
tion to obtain velocity field. As for the discretization 
schemes, the first-order Euler, second-order upwind and 
second-order central schemes are applied to the unsteady, 
advection and diffusion terms, respectively. For the veloci-
ty-pressure coupling, the SMAC method9) is employed and 
the pressure Poisson equation is solved iteratively by means 
of the BiCG-stab method. 

For the acceleration of the numerical simulation, the pa-
rallel computation can be performed by the use of the 
message passing interface (MPI). For the sub-domains parti-
tioning, the METIS10) developed at the University of 
Minnesota is utilized to equalize the numbers of cells in each 
sub-domain and to minimize the numbers of boundary faces 
on the edges between sub-domains. 
 
4. Verification and Validation 

As a verification of the developed numerical simulation 
algorithm, a rising bubble in liquid was simulated under 
several Eötvös number conditions. The simulation results on 
a highly-distorted unstructured mesh showed very good 
agreements with the results on a structured mesh and the 
experimental data. Therefore, it was confirmed that the de-
veloped simulation algorithms for gas-liquid two-phase 
flows provided highly accurate simulation results of interfa-
cial dynamic behaviors even on unstructured meshes.6) 

Then, the simulation algorithm was applied to the numer-
ical simulation of a simple GE experiment.7) The simple GE 
experiment consists of a square rod and a suction pipe in a 
rectangular channel. In the rectangular channel, an inlet flow 
generates a wake behind the square rod when the inlet flow 
passes through the square rod. The wake becomes a vortical 
flow as it is advected downward to the region near the suc-
tion pipe. Then, the vortical flow interacts with the 
downward flow towards the suction pipe and the strength of 
the vortical flow rapidly grows up. Accompanied by the 
growth of the vortical flow, a gas core (an interfacial dent) is 
generated on the gas-liquid interface and elongated towards 
the suction pipe. Finally, when the gas core reaches to the 
mouth of the suction pipe, the gas is entrained into the suc-
tion pipe (occurrence of the GE). In the numerical simulation, 
an unstructured mesh with hexahedral cells is employed. 
Since the GE phenomena occur in the region near the suction 
pipe, fine cells are applied to that region for the accurate 
numerical simulation. The numerical simulation was per-
formed under the GE condition, i.e. the condition under 
which the GE phenomena were observed in the experiment. 
Figure 1 shows the simulation result of the interfacial shape 
(the occurrence of the GE). As shown in this figure, the de-
veloped simulation algorithm succeeds in reproducing the 
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GE occurrence observed in the experiment under the same 
condition. In addition, it was confirmed that the occurrence 
mechanism of the GE phenomena in the simulation result 
was the same as that in the experiment.3) Therefore, the de-
veloped simulation algorithm was validated to be capable of 
reproducing the GE phenomena. 

 
III. Numerical Simulation of 1/1.8-Scale Partial 

Model of JSFR 

1. 1/1.8-Scale Partial Model of JSFR 
Figure 2 shows the 1/1.8-scale partial model (1/4-sector 

model) of JSFR, in which the complicated geometrical con-
figurations of the structural components, e.g. the cold leg 
(C/L) and hot leg (H/L) pipes, are modeled precisely. The 
radius of the outer wall (reactor vessel) is about 5.5 m and 
the widths of the inlet and outlet boundaries are 1.5 m. The 
diameters of the C/L and H/L pipes are 0.64 m and 0.84 m, 
respectively. In the partial model, the horizontal dipped plate 
(D/P), which is employed in JSFR to suppress interfacial 
fluctuations (the GE occurrences), is installed. As shown in 
Fig. 3, there are some gaps on the D/P and the upward or 
downward flow is assigned locally to each partial region of 
the gaps. The experiments are conducted under several inlet 
velocity, gap velocity and liquid height conditions by the use 
of water and air as the working fluids. 

2. Simulation Conditions 
Figure 4 shows the simulation domain and the simulation 

mesh. In this unstructured mesh with hexahedral cells, fine 
cells with the size of about 8.0 mm are applied to the region 
near the C/L and H/L pipes because reproducing the vortical 
flows near the pipes is a key to simulate the GE phenomena 
accurately. In addition, fine cells with the size of about 
8.0 mm are also applied to the region near the gas-liquid 
interface (initial stationary interface) to simulate the defor-
mations of the interface accurately. The other regions are 
subdivided into about 20-30 mm cells. The total number of 
cells is about one million (1,016,672). 

The uniform velocity condition is applied to the inlet 
boundary (the right yellow face in Fig. 4). On the other hand, 
the outlet boundary (the right green face in Fig. 4) is mod-
eled as a pressure boundary with the hydrostatic pressure 
distribution. The upper open boundary is treated as the uni-
form pressure boundary. On each partial region of the gaps 
between the D/P and the structural components, the upward 
or downward velocity is applied independently based on the 
measurement data in the 1/10-scale full-sector model expe-
riment of the upper plenum region of JSFR.8) Since it is 
observed that the GE phenomena do not occur under the 
rated condition in the 1/1.8-scale partial model and 
1/10-scale full-sector model experiments, the numerical si-
mulation is performed under a more severe condition. 
Namely, the inlet velocity is about 0.092 m/s which is 8 
times larger than the rated value. In addition, the gap veloci-
ties through the D/P are also enlarged four times from the 
rated velocities and the initial water height from the D/P is 
set to 0.2 m which is about 1/4 of the rated value (0.805 m). 
The heights of the inlet and outlet boundaries are the same as 
the initial water height. 

The numerical simulation is performed on Fujitsu Prime-
power HPC2500 in which each computational node consists 
of 128 CPUs and the shared physical memory of 512 GB. 
The simulation domain is partitioned into 64 sub-domains 
(shown in Fig. 5) and a parallel computation is performed. 
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Fig. 1 Simulation result of the simple GE experiment 
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Fig. 2 1/1.8-scale partial model of JSFR  

Fig. 4 Unstructured simulation mesh with hexahedral cells 

Fig. 3 Gaps between the D/P and system components  
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3. Simulation Results 
(1) Velocity Distribution 

In the experiment, the GE phenomena are induced by the 
vortical flows near the C/L and H/L pipes. Therefore, the 
velocity distribution around the pipes should be investigated 
primarily. Figure 6 shows the fully-developed horizontal 
and vertical velocity distributions on the horizontal 
cross-section with the height of 0.18 m from the D/P. As for 
the horizontal velocity distribution in Fig. 6(a), it is observed 
the inlet flow induces the wake flows behind the C/L and 
H/L pipes and vortical flows are formed in the wake flows. 
Those vortical flows are generated periodically similar to the 
Karman vortex behind a column. Around the H/L pipe, the 
upward and downward flows are formed partially as shown 

in Fig. 6(b). Such a flow pattern is related strongly to the gap 
flows between the H/L pipe and D/P. 
(2) GE Phenomena 

In the simulation results, several GE phenomena are ob-
served. Figure 7 shows the representative locations of the 
GE occurrences. There are four representative locations in 
between the C/L1 and H/L pipes and one at the wake flow 
region behind the H/L pipe. It should be noted that the oc-
currence of the GE phenomena in the simulation result is 
determined as a bubble entrainment into water from the in-
terface. The occurrence mechanisms of the GE phenomena 
in each representative location are somewhat different. 
Therefore, the authors describe the three typical mechanisms 
in this paper. 
(a) GE Occurrence at Front Edge of H/L Pipe 

At the location 1 in Fig. 7, the inlet flow impinges on the 
front edge of the H/L pipe. Such a flow makes an upward 
velocity on the H/L wall and a downward flow at the region 
slightly upstream from the H/L wall (shown in Fig. 6(b)). 
These oppositely-oriented flows make a shear flow region 
with a waterfall (submerging flow) which induced the GE 
phenomena. Figure 8 shows the GE occurrence at this loca-
tion. In this figure, the dark gray surface shows the 
gas-liquid interface. It is observed that the interfacial dent is 
formed near the H/L pipe and the bubble with the radius of 
about 10 mm is entrained into water by the submerging flow 
near the dent. However, the entrained bubble rises in water 
by the buoyancy force and re-emitted though the interface 

Fig. 5 Domain partitioning for the parallel computation  
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Fig. 6 Velocity distributions on a horizontal cross-section 
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Fig. 8 GE occurrence at the front edge of the H/L pipe  
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within a short period after the entrainment. 
(b) GE Occurrence at Region between C/L1 and H/L Pipes 

When the inlet flow passes through the C/L1, the velocity 
is highly enhanced in between the C/L1 and R/V because the 
flow passage area at the region is small (shown in Fig. 6(a)). 
Therefore, a strong vortical flow is induced behind the C/L1 
by the high-speed flow and the GE phenomena are induced 
at the location 2 in Fig. 7. Figure 9 shows the GE occur-
rence by such a strong vortical flow. First, the strong vortical 
flow is intensified further by interacting with the downward 
flow towards the gap between the H/L pipe and D/P. Then, 
the gas core is formed on the interface by the strong vortical 
flow. Finally, the air bubble is pinched-off from the tip of 
the gas core and entrained into water. Since the similar GE 
phenomena are observed at the same location in the experi-
ment, it is considered that our simulation algorithm can 
reproduce the GE phenomena even in a large-scale domain 
with complicated structural components (as JSFR). The en-
trained bubble radius is about 18 mm in this type of the GE 
phenomena and is much larger than that in the GE pheno-
mena at the front edge of the H/L pipe. In addition, the 
entrained bubble flows into the gap between the H/L pipe 
and D/P. Therefore, the special attention should be paid to 
this type of the GE phenomena because they have the poten-
tial to entrap air bubbles into the primary circuit of JSFR. 
(c) GE Occurrence at Wake Flow Region behind the H/L 

Pipe 
A vortical flow is also induced at the wake flow region 

behind the H/L pipe. Though the induced vortical flow is 
much weaker than that induced in between the C/L1 and H/L 
pipes, it can develop to a very strong vortical flow by inte-
racting with strong downward flows towards the gap 

between the H/L pipe and D/P. In fact, the downward gap 
velocity (applied as the boundary condition) is largest at this 
region. Therefore, as shown in Fig. 10, the gas core develops 
along the downward flow and the bubble is pinched-off from 
the tip of the gas core. This type of the GE phenomena is 
similar to that occurred at the region between C/L1 and H/L 
pipes. However, in the former case, the gas core remains at 
almost the same location in contrast to the latter case where 
the gas core (vortical flow) is travelling to downstream as 
shown in Fig. 9. Since such a stable characteristics can lead 
continuous bubbles entrainment, a special attention has to be 
paid also to this type of the GE phenomena. The bubble ra-
dius is about 14 mm in this type of the GE phenomena and 
the entrained bubble flows into the gap between the H/L pipe 
and D/P along the downward flow towards the gap. 

 
IV. Conclusion 

In this paper, the numerical simulation algorithm was ap-
plied to the GE phenomena in the 1/1.8-scale partial model 
experiment which modeled the complicated geometrical 
configurations of the structural components in JSFR. For the 
numerical simulation, an unstructured mesh with about one 
million cells were generated and optimized to simulate the 
GE occurrences near the C/L and H/L pipes which caused 
the vortical flows to induce the GE phenomena. In addition, 
a parallel computing with 64 CPUs was performed to acce-
lerate the numerical simulation. As a result of the unsteady 
simulation, several types of the GE occurrences are simu-
lated. Among them, the GE occurrence by a mere downward 
flow is not important because the entrained bubble is 
re-emitted through the gas-liquid interface by the buoyancy 
force. However, the GE occurrences induced by strong vor-
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Fig. 9 GE occurrence at the region between the C/L1 and H/L 
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tical flows have to be paid special attention because they can 
actually entrap the air bubbles into the primary circuit of 
JSFR. From these simulation results, it can be said that the 
developed simulation algorithm has the potential to evaluate 
numerically the GE phenomena in JSFR. 
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